Mobilizable shuttle plasmids containing the origin-of-transfer (oriT) region of plasmids F (IncFI), ColIb-P9 (IncI1), and RP4/RP1 (IncP␣) were constructed to test the ability of the cognate conjugation system to mediate gene transfer from Escherichia coli to Saccharomyces cerevisiae. Only the P␣ system caused detectable mobilization to yeast, giving peak values of 5 ؋ 10 ؊5 transconjugants per recipient cell in 30 min. Transfer of the shuttle plasmid required carriage of oriT in cis and the provision in trans of the P␣ Tra1 core and Tra2 core regions. Genes outside the Tra1 core did not increase the mobilization efficiency. All 10 Tra2 core genes (trbB, -C, -D, -E, -F, -G, -H, -I, -J, and -L) required for plasmid transfer to E. coli K-12 were needed for transfer to yeast. To assess whether the mating-pair formation (Mpf) system or DNA-processing apparatus of the P␣ conjugation system is critical in transkingdom transfer, an assay using an IncQ-based shuttle plasmid specifying its own DNA-processing system was devised. RP1 but not ColIb mobilized the construct to yeast, indicating that the Mpf complex determined by the Tra2 core genes plus traF is primarily responsible for the remarkable fertility of the P␣ system in mediating gene transfer from bacteria to eukaryotes.
The plasmid-encoded process of bacterial conjugation is a major source of genetic variation in bacteria, enabling the horizontal transfer of plasmids and their diverse cargoes of adaptive genes of clinical, environmental, and evolutionary importance. Conjugation also causes the dissemination of plasmid-borne transposable elements and potentiates homologous recombination of chromosomal genes (9, 58) . The promiscuity of conjugation is illustrated further by the laboratory demonstration of plasmid transfer from Escherichia coli to microbial eukaryotes (24, 25) and by the natural transfer of the T-DNA sector of the Ti plasmid from Agrobacterium tumefaciens to the nuclei of plant cells during tumorigenesis (27, 30, 36) . Evidence that transkingdom gene exchange has actually occurred is provided by phylogenetic analyses of protein sequences showing lack of congruence between certain gene trees and the conventional species phylogeny (54) .
As shown by enterobacterial systems, conjugation is a highly specific process involving a mating-pair formation (Mpf) system for cell aggregation coupled to a DNA transfer apparatus (12, 44) . The conjugative pilus is a key component of Mpf and, in conjunction with the assembly proteins, may provide a transmembrane complex for DNA transport. Plasmid transfer is initiated by strand-specific cleavage of a unique nick site in the oriT region, which is typically Ͻ500 bp in size. Specific cleavage is mediated by the plasmid-encoded relaxase in a reaction that covalently links the protein to the 5Ј terminus of the transfer intermediate (33) . Some naturally occurring plasmids encode only a DNA transfer apparatus and cognate oriT and rely on a conjugative plasmid that is coresident in the bacterium to provide the Mpf functions (33) . Such mobilizable plasmids include members of the IncQ group, typified by R300B (8.7 kb) and RSF1010 (10, 18) .
Study of enterobacterial conjugation has focused on systems encoded by F-like plasmids and members of the IncP␣ group (12, 13, 44) . The latter includes the very similar if not identical RK2, RP1, and RP4 plasmids and is closely related to the IncP␤ group. The P␣ transfer genes are organized into two distinct regions, Tra1 and Tra2, which cover almost half of the 60-kb plasmid (44) . Tra2 consists of an array of 15 trb genes, of which the promoter-proximal loci trbB, -C, -D, -E, -F, -G, -H, -I, -J, and -L are essential for conjugation of E. coli K-12 and are described as the Tra2 core. The 10 genes are involved in biosynthesis of the conjugative pilus and production of stable mating aggregates (22, 35) . The trbK gene, which is located within the Tra2 core region, functions in entry exclusion to prevent DNA transfer between cells that both harbor an IncP␣ plasmid (21) . The Tra1 region contains 13 genes but only a core of five (traF, -G, -I, -J, and -K) is essential for transfer between E. coli K-12 strains. TraF protein acts as a specific protease in the maturation of the putative prepilin, TrbC (20) . TraG protein is thought to couple the Mpf system to the DNA transfer-initiation complex which includes TraI, the relaxase, and TraJ and TraK as oriT-binding proteins (2, 33) . Inclusion of traM with the Tra1 core significantly increases the transfer efficiency (35) . The remaining Tra1 loci may be important for interspecies transfer. Indeed, there is evidence implicating TraC protein, which is a conjugatively transmissible DNA primase, and Upf54.4, previously known as TraN protein, in effective plasmid transfer between different gram-negative bacteria (31, 32, 42) .
The transfer range of a plasmid is often wider than its replication maintenance or host range (40, 58) . The wide transfer range of enterobacterial plasmids is emphasized by the finding that R751 (IncP␤) and F (IncFI) caused DNA transfer from E. coli to Saccharomyces cerevisiae (25) . This observation leads to two general questions. Are all conjugation systems equally competent in causing DNA transfer between different biological kingdoms? If they are not, what are the genetic and mo-lecular factors allowing some plasmids to transfer more promiscuously than others? To address these questions, we have compared the capacities of three paradigms of enterobacterial conjugative plasmid, namely, F, RP1/RP4, and ColIb-P9 (IncI1 [46] ), to mediate transfer between E. coli and yeast.
To allow ready detection of transconjugants, we used mobilizable E. coli-yeast shuttle plasmids which contained two replicons, each allowing stable maintenance in one of the host organisms. Such two-replicon plasmids were converted into mobilizable units by the inclusion of the oriT region of F, ColIb-P9, or RP4. The constructs were efficiently mobilized between E. coli strains when the donor strain harbored the cognate conjugative plasmid to provide Mpf functions and the trans-acting components of the DNA transfer apparatus. This approach showed that the RP4 system is unusually promiscuous in mediating transkingdom gene exchange and led us to examine the factors responsible.
MATERIALS AND METHODS
Bacterial and yeast strains. The donor host strains were BW103 (leu recA1 rpsL cirA, [46] ), HB101 (hsdS20 leuB6 proA2 recA13 rpsL20 supE44 ara-14 galK2 lacY1 mtl-1 xyl-5 thi-1 [6] ), and C600 (leuB6 thr-1 supE44 lacY1 thi-1). Nalidixic acid and rifampin-resistant mutants are designated by the suffixes N and R, respectively. BW97 (leu thyA deoB rpsL cirA ⌬chl-uvrB gyr [46] ) and C600R were used as recipients in bacterial conjugation. The yeast recipient was S150-2B (MATa his3-⌬ leu2-3 leu2-112 trp1-289 ura3-52 2m ϩ [41] ). Genetic selections. Antibiotics were used at the following concentrations: ampicillin, 100 g ml , histidine, and tryptophan for YCp50-based vectors. Nalidixic acid was added to SD media to inhibit the conjugative activity of donor bacteria.
Plasmids. The plasmids are detailed in Table 1 . Both shuttle plasmids contained the enterobacterial replicon of pMB1, the parent of pBR322. In addition, YEp13 included part of the 2m circle, which is a natural nuclear plasmid of S. cerevisiae, while YCp50 contained the yeast chromosomal ARS1 (autonomously replicating sequence) element plus the CEN4 (centromere) sequence to ensure stable partitioning. pAC87 contains the 1.6-kb BamHI/HindIII fragment of pLG253 (28) ; the fragment includes the 1.6-kb PstI fragment of ColIb-P9 encompassing the oriT region (from nucleotide 733 upstream or 5Ј of the nic site to nucleotide 833 downstream). pAC88 carries a 1.3-kb HindIII/SphI fragment of pJF142 (45) , containing the RP4 oriT region on a 776-bp XmaIII fragment (RP4 coordinates 50994 to 51770, accession no. L27758 [44] ). pSB2 contains F oriT isolated from pXRD606 (55) on a 1.1-kb BglII fragment (F coordinates 1 to 1077, accession no. U01159 [13] ) and inserted into the unique BamHI site of YEp13. pSB12 contains the RP4 Tra1 region (traA-upf54.8) on a 15.7-kb BamHI/HindIII fragment of pVWDG23110⌬0.1 (RP4 coordinates 38970 to 54709, accession no. L27758). pSB13 was constructed by inserting the 7.6-kb BamHI fragment of pDB126, which carries the RP4 Tra1 core region (traF-M, RP4 coordinates 45893 to 53462), into the unique BamHI site of YCp50. The orientation of the insert in pSB13 was determined to be the same as that in pSB12 by restriction analysis. Shuttle vector pSB41 was constructed by ligating R300B and YCp50 together at their unique EcoRI restriction sites.
Conjugation. Donor and recipient bacteria were grown in nutrient broth at 37°C for three mass doublings to about 2 ϫ 10 8 organisms per ml. Volumes (0.5 ml) were mixed and collected on a cellulose-acetate filter (Sartorius; 0.45-m pore size; 25-mm diameter) which was incubated for 1 h at 37°C on prewarmed nutrient agar. Cells were resuspended by vigorous agitation and plated at appropriate dilutions on media selective for transconjugants. The yeast recipient strain was S150-2B. Cells were grown in YEPD (1% yeast extract [Oxoid Ltd.] , 2% bacteriological peptone [Oxoid Ltd.], 2% glucose) medium for three mass doublings at 30°C, harvested in mid-exponential phase, and resuspended at a concentration of 2 ϫ 10 8 cells ml
Ϫ1
. A 0.5-ml volume was mixed with an equal volume of donor bacteria, grown as described above, and added to a filter which was incubated at 30°C for 1 h on a plate of prewarmed YEPD. Resuspended cells were then plated on SD medium supplemented appropriately to select transconjugants.
Other methods. Isolation of plasmid DNA from bacteria, bacterial transformation, recombinant DNA techniques, and Southern hybridization tests involved standard methods (49) . Plasmid DNA was rescued from yeast by the glass bead-phenol lysis method (26) . Yeast transformation was by the lithium acetatepolyethylene glycol method (15) .
RESULTS
Plasmid transfer between E. coli and yeast. E. coli-yeast conjugation was originally observed following cocultivation of donor and recipient cells on the surface of an agar medium selective for yeast transconjugants (25) . This method was found to be unreliable for quantifying transfer due to the prolonged opportunity for transfer on the selective medium. The protocol developed here limited conjugation to a defined period on a complete agar medium followed by plating on selective medium containing nalidixic acid. Nalidixic acid is a powerful inhibitor of conjugative DNA transfer from sensitive bacteria (59) . The quinolone had no discernible effect on the growth of yeast recipients at the concentration used (25 g ml Ϫ1 ), but higher concentrations of nalidixic acid are known to cause a transient block in the yeast cell cycle at START (53) .
A conjugation protocol supporting rapid production of transconjugants was developed with the P␣ system. The shuttle vector was based on YEp13 and contained the RP4 oriT region inserted into the tetracycline resistance gene (Fig. 1) . Yeast transconjugants were detectable within 10 min of mixing the parental strains in a 1:1 ratio and reached plateau yields by about 30 min. The mean yield of pAC88 transconjugants at 60 min was 3.0 ϫ 10 Ϫ5 (n ϭ 60 experiments) per yeast recipient cell. In contrast to previous observations of structural rearrangements (24) , plasmids sampled from yeast transconjugants had the expected molecular structure. This was demonstrated by Southern hybridization analysis of DNA samples from 29 transconjugants, which were cleaved with XbaI to linearize (4) . Use of recA donor bacteria may account for the stability of the constructs by minimizing rearrangements prior to transfer. While the P␣ system caused transfer to yeast in all growth phases, transfer was 15-fold more efficient when the cells were growing exponentially rather than when they were exiting or entering stationary phase (Fig. 2) . Several other laboratory strains of yeast were as competent recipients as S150-2B, although haploid strains were some 80-fold more effective than diploids. There is no obvious explanation, but there are known differences between the surfaces of haploid and diploid yeast cells (37) .
IncP␣ plasmids are unusually effective in mediating E. coliyeast conjugation. Construction of shuttle vectors containing the oriT region of IncFI, IncI1, and IncP␣ plasmids (Fig. 1) allowed the three distinct conjugation systems to be compared for their capacities to mediate transfer to yeast. Donor strains of E. coli BW103 were constructed to contain each of the shuttle plasmids plus the cognate conjugative plasmid, and transfer frequencies to E. coli and yeast recipients were compared (Table 2) . Only the P␣ system gave detectable DNA transfer to yeast; if the FI and I1 systems are capable of causing such transfers, they do so at very low frequencies (Ͻ3 ϫ 10 Ϫ7 transconjugants per recipient). The shuttle plasmids containing the F and I1 oriT regions were mobilized very efficiently between E. coli strains, and both were capable of transforming yeast to leucine prototrophy. Taken together, the results demonstrate inherent differences in the abilities of different conjugation systems to transfer DNA to yeast and confirm the concept that IncP␣ plasmids are exceptionally promiscuous.
The P␣ Tra1 and Tra2 core regions are sufficient for transfer to yeast. The RP4 Tra1 and Tra2 regions have been physically separated to form a bipartite system in which Tra1 and Tra2 are carried on separate compatible plasmids (34) . We adapted this system by constructing two E. coli-yeast shuttle plasmids that were based on YCp50 and contained the P␣ oriT region in its normal location within Tra1 (pSB12) or the Tra1 core (pSB13 [Fig. 3] ). Neither pSB12 nor pSB13 was capable of transferring to yeast without provision of the Tra2 core region in trans on the compatible plasmid pML123 (Table 3) . Similarly, the Tra2 core was incapable of causing transfer without trans-acting Tra1 functions, as shown by the failure of pML123 to mobilize the shuttle (pAC88) carrying P␣ oriT alone. Conjugation of organisms other than E. coli K-12 may require additional plasmid-encoded factors (35) . This does not apply to E. coli-yeast conjugation since pSB12 and pSB13 transferred to yeast at similar frequencies provided that the donor carried pML123. Thus, only the Tra1 plus Tra2 core regions are required for efficient transfer to yeast; no IncP plasmid locus outside of these core regions is necessary.
RP4 Tra2 genes essential for transfer to yeast. The Tra2 core genes of IncP␣ plasmids are required for the production of pilus-like structures and plasmid transfer and may contribute the actual DNA transport apparatus (22) , were mixed with BW103 (pUB307 pAC88) donors for 1 h to determine transconjugant production (F). dressed by using a set of mutant plasmids based on pML123 and containing a 14-bp multiple reading frame insertion (MURFI) linker mutation in each of the core Tra2 genes (22, 35) . The linker contains an amber stop codon in all six reading frames. HB101 donors of this set of mutant plasmids were tested for the ability to mobilize pSB12 to both E. coli and yeast. In the positive control where the donor strain carried pML123 with the wild-type trb genes, per recipient). Mutation trbK9 had no effect on pSB12 mobilization to BW97 and little effect on pSB12 transfer to yeast (8.6 ϫ 10 Ϫ6 transconjugants per S150-2B recipient). Thus, trbB, -C, -D, -E, -F, -G, -H, -I, -J, and -L are required for transfer to yeast, as they are for transfer to E. coli K-12 recipients. TrbK protein, whose principal role is in surface exclusion, is not required for transfer to E. coli or to yeast.
The Mpf system determines the transfer promiscuity of IncP␣ plasmids. To test whether the promiscuity of the P␣ core system can be attributed to the Mpf or DNA-processing apparatus, a test was developed based on mobilization of the IncQ plasmid R300B. IncQ plasmids are mobilized efficiently by IncI1 and IncP plasmids (60) . Mobilization by an IncP␣ plasmid requires the products of the Tra2 core-excepting TrbK-plus TraF and TraG of Tra1 (22, 35) . In addition to carrying a specific oriT, the IncQ plasmid specifies its own Mob proteins for the DNA-processing reactions, which cannot be replaced by the equivalent proteins of the conjugative plasmid (10) . The test used here compared the abilities of the P␣ and I1 systems to mobilize a shuttle vector (pSB41) carrying the mob-oriT region of R300B; the prediction was that if the P␣ DNA-processing apparatus is responsible for transfer promiscuity, then the P␣ and I1 systems should mobilize pSB41 to yeast with similar frequencies since its transfer is mediated by the native R300B apparatus. However, if the Mpf system is responsible for transkingdom promiscuity, only the P␣ system should support pSB41 mobilization to yeast.
As observed previously (60), the P␣ system was 10-fold more efficient than the I1 system in causing mobilization between E. coli strains ( Table 4) . The difference is attributed to variation in the activity of TraG-like proteins to couple the DNAprocessing system of the IncQ plasmid to the Mpf system of the conjugative plasmid (33) . The IncP␣ plasmid caused significant mobilization of pSB41 to yeast cells, showing that the IncQ Mob system cooperates productively with the P␣ Mpf system in transkingdom transfer. In contrast, the IncI1 plasmid effected no detectable mobilization of pSB41 to yeast. These findings point to the conclusion that the Mpf apparatus of IncP␣ plasmids is responsible for the remarkable effectiveness of these elements in mediating transkingdom gene exchange.
DISCUSSION
While the FI, I1, and P␣ transfer systems described here supported very efficient mobilization of the cognate shuttle plasmid between E. coli strains, only the P␣ system mediated detectable DNA transfer to yeast. Production of rare F-mediated yeast transconjugants was reported elsewhere (25) . However, those studies involved a multicopy recombinant to specify F conjugative functions, which might account for the difference since such constructs are known to provide elevated levels of (29) . The RP1-based system used here generated about 3 ϫ 10 Ϫ5 transconjugants per yeast recipient within 60 min. This productivity compares favorably with that of an extended conjugation system which gave ϳ3 ϫ 10 Ϫ7 P␤-mediated transconjugants per yeast recipient (25) and with a P␣-based method in which the yield of transconjugants peaked at a value similar to that reported here but only after 12 h of cocultivation of donor and recipient cells (43) . The E. coli-to-yeast transfer described here was due to authentic conjugation, as shown by the requirement for the RP4 Tra1 and Tra2 regions. Other confirmatory evidence is that the transfers were insensitive to the addition of DNase I and required contact between the E. coli and yeast cells, as well as carriage of oriT in cis by the shuttle plasmid (4) .
The P␣ system also appears to be unusually promiscuous in promoting gene exchange between gram-negative bacteria. For example, the P␣ and F systems were found to be equally proficient in mediating conjugation of E. coli strains but the P␣ system was some 10,000-fold more proficient than F in effecting DNA transport from E. coli to Pseudomonas aeruginosa (19) . Likewise, the P␣ system was relatively more proficient than the I1 system in mediating DNA transport from E. coli to pseudomonads: specifically, the P␣ (RP4) system mobilized an IncQ plasmid (R300B) to Pseudomonas putida (KT2442) and to E. coli recipients with similar frequencies, whereas the I1 (pLG221) system mobilized R300B to P. putida fivefold less effectively than to E. coli (54a) .
The possibility that transkingdom transfer requires ancillary genes of the IncP␣ plasmid is ruled out by the finding that the combination of the Tra1 core and Tra2 core regions was almost as effective as the entire plasmid genome. The requirements for E. coli-yeast conjugation include the same 10 Tra2 genes as are required for efficient transfer between E. coli K-12 strains (22, 35) . The same set of Tra2 genes was required for RP4-mediated transfer from E. coli to Streptomyces lividans, although trbF was found to stimulate transfer rather than to be essential (16) . Thus, while loci adjacent to the Tra1 core enable productive conjugation of some of the natural hosts of IncP plasmids, as evidenced by the contributions of TraC DNA primase and Upf54.4 to the fertility of some but not all gramnegative bacterial conjugations (31, 32, 42) , the loci do not contribute to transfer from bacteria to yeast. Possibly, the products of these genes cannot function in eukaryotic cells.
The capacity of the P␣ system-but not the I1 system-to mobilize the IncQ-based shuttle vector to yeast indicates that the Mpf system of IncP␣ plasmids is primarily responsible for effecting transkingdom gene transfer. One possible explanation is that the molecular interactions between donor and recipient cell surfaces are less stringent in the P␣ system than in others. Different mating systems do vary in their requirements: for example, the I1 and F systems are affected adversely by loss of lipopolysaccharide components from E. coli or Salmonella typhimurium recipients, whereas transfer by the P␣ system was unaffected by changes in lipopolysaccharide structure and may involve another cell surface moiety (1, 11, 14, 23) . In order to understand the cellular interactions further, we have isolated conjugation-deficient yeast mutants. At least one of the mutants displays altered cell surface properties (4) .
The P␣ Tra2 region is also thought to contribute to the transmembrane DNA transport apparatus (22) , but there is no obvious reason why the transport structure per se should influence promiscuity. In the Ti Vir, system the T-DNA is apparently transferred into the plant nucleus in a specific nucleoprotein complex that includes VirD2 relaxase and hundreds of molecules of the VirE2 single-stranded DNA-binding protein (3, 27) . These proteins in the T complex are thought to promote entry of the DNA into the cell nucleus. In P␣-mediated bacterial conjugation, the transferring DNA strand is also transmitted in a nucleoprotein complex that includes multiple molecules of the 117-kDa TraC protein (plasmid primase) and possibly the relaxase (33, 47) . However, TraC does not facilitate transfer into the yeast nucleus since the basic P␣ transfer system defined here operates independently of the primase gene. Possibly, naked single-stranded DNA enters the yeast nucleus during conjugation, as can occur in transformation of yeast spheroplasts (52) . Nuclear uptake of DNA lacking a VirE2 analogue may be inefficient; if so, the yield of yeast transconjugants reported here underestimates the efficiency of DNA transfer into the yeast cytosol.
The biological impact of transkingdom conjugation is unclear. If it occurs in nature, the entrant DNA could be integrated into the resident genome by homologous recombination or, if there is insufficient nucleotide sequence identity, by illegitimate recombination. The latter has been observed to occur in yeast (17, 50) . The Ti Vir system is the only dedicated system known to mediate transfer from bacteria to eukaryotes, including yeast (8) . Interestingly, a number of the P␣ Tra2 genes are homologous to components of the VirB operon (30, 36) , which is thought to specify cell-contact formation and a transmembrane bridge for transfer of the T complex to plant cells (see reference 3). The homology of the Tra2 and VirB regions may explain the competence of the P␣ Mpf system in transkingdom gene exchange.
The relationship between Tra2 and VirB regions extends further to include seven of the genes of the Ptl (pertussis toxin liberation) system of the human pathogen Bordetella pertussis (57) , which is viewed as a derivative of a bacterial conjugation system (61) . The VirB, Tra2, and Ptl systems are described as type IV secretion systems that transport macromolecules as diverse as protein-DNA complexes on the one hand and an oligomeric protein on the other (38, 48) . Some genetic systems may even support transport of more than one substrate, since the dot-icm genes of Legionella pneumophila determine secretion of a putative protein from bacteria to mammalian cells and also a mating process for mobilization of IncQ plasmids to L. pneumophila and E. coli recipients (51, 56) . These observations raise the possibility that the P␣ Mpf system may be able to cause productive interactions of bacteria and mammalian cells, supporting transfer of a DNA-protein complex, naked DNA, or even DNA-free protein(s).
